ABSTRACT
When cells get injured they release their content resulting in a local accumulation of free heme proteins and heme.
Here, we investigated the involvement of heme and its degrading enzyme heme oxygenase (HO) in the inflammatory process during wound healing. We observed that heme directly accumulates at the edges of the wound after inflicting a wound in the palate of Wistar rats. This coincided with an increased adhesion molecule expression, and the recruitment of leukocytes. To prove that heme is responsible for the recruitment of leukocytes, heme was intradermally administered 24 hours prior to injury. A clear heme-induced influx of both macrophages and granulocytes was observed. When examining the HO-isoforms, HO-1 and HO-2, we found that HO-2 was present in the entire submucosa. Surprisingly, we observed that also HO-1 is significantly expressed in the epithelium of both the mucosa and the skin of non-wounded animals. Upon inflammation, HO-1 expression increased particularly in infiltrating cells during the resolution phase of inflammation. Interestingly, we observed that heme-induced influx of leukocytes was highly elevated after pharmacological inhibition of HO activity. These observations suggest that the hemeheme oxygenase system is tightly involved in the control of wound healing.
In conclusion, our results demonstrate that the local release of heme may be a physiological trigger to start inflammatory processes, whereas HO-1 antagonizes inflammation by attenuating adhesive interactions and cellular infiltration. Moreover, the basal level of HO expression in the skin may serve as a first protective environment against acute oxidative and inflammatory insults.
only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013 . bloodjournal.hematologylibrary.org From
INTRODUCTION
The skin, consisting of an epidermal and a dermal layer divided by the stratum basalis, forms a versatile organ with high adaptive properties. In addition to the various homeostatic mechanisms, the skin has to cope continuously with changes in the external environment, such as oxidative insults, heat, cold, UV-radiation, and injury 1, 2 . The skin microenvironment changes dramatically after injury [3] [4] [5] [6] . One of the earliest changes in the skin after wounding is the release of modified, denatured tissue
proteins. This may result from the direct effect of the trauma, or by proteolysis following lysosomal rupture. Wounds are associated with severe hemorrhage, hemolysis and cell injury, and may result in a local accumulation of free heme proteins and heme.
Heme and heme proteins play a crucial role in diverse biological processes and are present in every human cell. We and others have recently shown that free heme also possesses several pro-oxidative and pro-inflammatory properties [7] [8] [9] [10] [11] . It induces the expression of adhesion molecules, causes vascular permeability and leukocyte infiltration 9 .
Wound healing consists of a complex series of processes to stop and prevent blood loss, to kill possible intruding pathogens, and to restore the site of injury 5, 12 . In chronic wounds, resolution of inflammation is interrupted, resulting in continuous influx of inflammatory cells and subsequently exacerbation of cellular injury.
It is well accepted that bacterial products, such as lipopolysaccharide (LPS) or CpG-containing DNA, initiate inflammatory processes. However, non-open wounds, such as contusions, do not involve invasion of pathogens, but nevertheless result in inflammatory processes and wound healing. This may be explained by the local release of heme and heme proteins at the site of injury. Elevated levels of free heme may act as a "danger signal" and initiate a wide range of pro-inflammatory signals to recruit and alert the immune system.
In the resolution phase of inflammation, heme and other pro-inflammatory signals need to be neutralized. Interestingly, heme oxygenase-1 (HO-1), the heme degrading enzyme, is one of the major acute phase proteins that are induced upon stress 13, 14 . HO expression represents an important mechanism of protective response to a wide variety of cellular stresses 13 . HO is the enzyme that converts heme into biliverdin/bilirubin, iron and carbon monoxide (CO) 13, 15 .
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The inducible HO-1 isoform is known to function in a wide range of processes that could be important in the resolution phase of wound healing, such as amelioration of inflammation, proliferation, and protection against apoptosis [18] [19] [20] . These actions are likely mediated via its down stream effector molecules. Biliverdin and bilirubin function as a potent anti-oxidant system, whereas CO mediates vasodilation via cGMP induction 21 . Furthermore, the iron, released from heme by HO-1 activity, enhances ferritin synthesis and thereby renders it inactive by sequestering 22 . In this regard, overexpression of HO-1 in endothelial cells has been shown to protect from heme-and hemoglobin-mediated toxicity, and is associated with increased tolerance of cells to ischemia and trauma in a variety of tissues 23 -25 . Interestingly, HO-1 overexpression has been demonstrated to down modulate inflammatory adhesion molecules and to diminish leukocyte adhesion to the vascular endothelium upon proinflammatory stimuli both in vitro and in vivo 8, 9, [26] [27] [28] .
Here, we hypothesize that HO alleviates the inflammatory process present upon wounding and provides protection against further injurious insults. To investigate this hypothesis, we examined the role of the heme-HO system on adhesion molecule expression and leukocyte recruitment during wound healing in rat oral mucosa.
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MATERIALS AND METHODS

PORPHYRIN SOLUTIONS
The following porphyrins were used: hemin (Sigma, St Louis, MO) and tin 
ANTIBODIES
The following monoclonal anti-rat antibodies were used: anti-ICAM-1 (Endogen, Woburn, USA), anti-1 (kind gift of K. Löster, Germany), antimacrophage marker, anti-granulocyte marker, and anti-T-cell marker (Serotec, Oxford, UK). In addition, the polyclonal rabbit antibodies: SPA895 (anti-rat-HO-1;
Stressgen/Sanbio, Uden, The Netherlands), OSA200 (anti-rat-HO-2; Stressgen) were utilized. As secondary antibodies, biotin-labeled goat-anti -mouse IgG or biotinlabeled anti-rabbit IgG antibodies were used.
ANIMAL AND HUMAN MATERIAL
Male Wistar rats, 5-7 weeks of age, were obtained from Harlan (Horst, The Netherlands). The rats were kept under specified pathogen free conditions in the Central Animal Laboratory (University Medical Center Nijmegen, The Netherlands).
The rats had free access to water and were fed standard laboratory chow (Hope Farms, Woerden, The Netherlands). All experiments were performed in accordance with the guidelines of the Nijmegen Animal Experiments Committee.
Human skin material was obtained according to the guidelines of the medical and ethical committee of the UMCN and after informed consent.
EXPERIMENTAL WOUNDING PROTOCOL
All rats were anaesthetized with an intraperitoneal injection of 0.4 ml/kg bodyweight fentanyl and fluanisone (Hypnorm, Janssen-Cilag, Beerse, Belgium).
Full-thickness excisional circular wounds were made in the mucoperiosteum of the hard palate between the second molars using a 3-mm biopsy punch 30, 31 . The day on which this biopsy is taken is further referred to as day 0. The initial wounds included the submucosa attached to the mid-palatal suture 30 . The wounded rats were medicated postoperatively with a subcutaneous injection of 0.1 mg/kg body weight buprenorfine The Netherlands), frozen in liquid nitrogen and stored at -80ºC.
In subsequent experiments, 30 µl SnMP (20 µM) (day -2), and/or 30 µl heme (750 µM) (day -1) or 30 µl saline (day -1) was intradermally given with a fine needle (29 gauge) prior to above described wounding (n=6).
This mucosal wound healing model was characterized in time using 
PRIMARY FIBROBLAST CULTURES
For fibroblast isolation, rats were sacrificed with a mixture of CO 2 /carbogene For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From supplemented with 10% fetal bovine serum (FCS, Gibco) and 100 U/ml penicillin (Gibco) and 100 µg/ml streptomycin (Gibco). The tissue explants were left undisturbed for one week in an incubator (37ºC, 5% CO 2 ) to allow the outgrowth of fibroblasts. After 7 days, the cultures were trypsinized, and transferred to a 25 cm 
FACS ANALYSIS OF HO-1 EXPRESSION
The fibroblasts isolated at the different time points were analyzed for the expression of HO-1 using FACS analysis. Cells were fixated for 20 minutes in 1% paraformaldehyde on ice. Next, they were permeabilized by incubation with 0. 
HEME STAINING
Tissue slices of 4 µm thickness were stained with hematoxylin and eosin using standard protocols. The presence of heme in the sections was analyzed using benzidine-staining technique as described before 9 . The tissue was counterstained with haematoxylin.
IMMUNOHISTOCHEMISTRY
Cryostat sections (4µm thickness) were collected on Super frost slides (Menzel Gläser, Germany) and analyzed for the expression of ICAM-1, 1, HO-1 and HO-2 and leukocyte subsets using immunohistochemistry. 
RESULTS
HEME ACCUMULATION, ADHESION MOLECULE EXPRESSION AND CELLULAR INFILTRATES DURING WOUND HEALING
Using the wound healing model as described in material and methods, we first examined the effect of injury on heme release using benzidin staining. As demonstrated in figure 2, large amounts of free heme/hemoproteins are visible at the site of injury, whereas in the surrounding non-injured tissue no heme can be detected. Interestingly, also activated infiltrating leukocytes showed intense ICAM-1 staining.
Infiltration of leukocytes into the wound area was investigated using subset specific antibodies. The first infiltrating leukocytes appeared already one day after inflicting the wound (Figure 3c ). They mainly consisted of granulocytes (data not shown). After two days massive infiltrates of leukocytes, consisting of large amounts of macrophages (Figure 3c ) and granulocytes, were present. T-lymphocytes were observed both in normal mucosa and in the wound, and did not significantly increase.
After 15 days most wounds were closed and filled up with new granulation tissue.
The infiltrated granulocytes and macrophages remained only at the initial wound site.
Thus, the release of heme is followed by adhesion molecule expression and leukocyte recruitment.
For
THE EFFECTS OF HEME ADMINISTRATION ON ADHESION MOLECULE EXPRESSION AND LEUKOCYTE INFILTRATION
Since we observed that upon injury, large quantities of heme were locally released in conjunction with elevated inflammatory adhesion molecules and leukocyte infiltrates, we hypothesized that heme is playing an active role in this inflammatory process. In order to investigate the inflammatory effects of heme the rat mucosa was exposed to heme, or saline control and analyzed for the expression of adhesion molecules and leukocytes.
The effect of heme on ICAM-1 expression (Figure 4 was also investigated in different sections of the skin.
Although the epidermis in skin sections of the back of the rat is narrow in only.
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Next, cultured rat skin fibroblasts, isolated from the mucosa at several time intervals after wounding (day 0 -day 90), (see materials and methods section) were evaluated for the expression of HO-1 using flow cytometric analysis. It has previously been demonstrated that the phenotype of fibroblasts from biopsies remains remarkably stable upon prolonged in vitro culturing [32] [33] [34] [35] . These cultured fibroblasts showed no significant changes in expression of a panel of markers (e.g. integrins and cytoskeletal markers) and morphology compared to the in vivo situation 32,33, 35 . In figure 8a we show that shortly after wounding (day 1) fibroblasts initially show a small decrease in HO-1 expression, which is directly followed by a rise in HO-1 expression, which peaks at day 15. Next, HO-1 expression levels decrease and return at day 90 slowly to day 0 levels. Furthermore, a clear increase in HO-1 positive fibroblast populations was observed upon wounding, which peaks at day 15 ( Figure   8 ). Next, the percentage HO-1 positive cells returns to day 0 levels at day 60 and then slightly increase again.
THE EFFECTS OF HO ACTIVITY ON LEUKOCYTE INFILTRATION
The layer of HO-1 and HO-2 positive cells in the non-injured mucosa suggests that HO activity may play a prominent modulating role in the observed heme-induced leukocyte infiltration.
To further investigate the effects of HO on wound healing, the mucosa was pre-treated with SnMP, an inhibitor of HO activity, followed by exposure to heme or saline. 48 hours of incubation with SnMP, followed by exposure to heme resulted in an exacerbated influx of both granulocytes as well as macrophages into the mucosa, compared to heme treatment alone ( Figure 5) . Surprisingly, in some saline control animals (2 out of 6 animals) as well as SnMP treated animals (4 out of 6) (data not shown) increased numbers of infiltrating leukocytes were observed after injection, whereas rats receiving no injection never showed inflammatory infiltrates (data not shown). Thus, inhibition of HO activity seems to sensitize the tissue for leukocyte infiltration.
DISCUSSION
In this study we investigated the effects of heme and the heme-degrading enzyme, HO, on the inflammatory response in a mucosal wound healing model in rats.
Cellular injury inflicted to the skin is associated with repair processes involving complex interactions between coagulation, platelet aggregation and the immune response. However, the exact mechanism of wound healing remains largely obscure. Wounding is associated with severe hemorrhage and hemolysis, and the injured cells get ruptured and release their content resulting in a local accumulation of free heme proteins and heme. We postulate that in a wounded area a pro-oxidant microenvironment is created providing signals to generate an inflammatory process.
We found that large amounts of heme are released at the wound site shortly after wounding, which is rapidly followed by the induction of adhesion molecules and the invasion of leukocyte subsets into the wounded area, which is indispensable for the elimination of pathogens and for the wound healing process. Moreover, it was demonstrated that exposure of the mucosa to heme induces an increased expression of adhesion molecules and results in the recruitment of leukocytes. Interestingly, our observation that occasionally the injection of only saline also induces leukocyte recruitment, suggests that a minor injury evoked by the injection needle, probably releases sufficient amounts of heme to initiate local inflammation.
After injury, the life of organisms is at risk and wound repair is crucial, because of blood loss and possible influx of bacterial invaders. Previous data support a contribution of heme to this rescue operation since hemoglobin/heme can activate a wide array of processes, such as vasoconstriction, mononuclear-cell-pro-coagulatingeffects, the activation of complement, the induction of inflammatory cytokines, vascular permeability, and platelet aggregation 9, 36, 37 . Therefore, heme and heme proteins are likely implicated in initiation of inflammatory processes 9,38 and homeostasis 36 and may form an essential link between these important systems.
Previously, we and others demonstrated that excess of free heme and heme proteins possesses potent pro-oxidative and pro-inflammatory properties 9, 39 .
Intriguingly, we demonstrate here that administration of solely heme is sufficient to induce inflammatory processes as exemplified by the influx of both granulocytes and macrophages. 41 , NF-kB activation and chemokine production 38 .
It was previously demonstrated that heme activates NF-B, AP-1 and AP-2 responsive elements 42, 43 . These regulatory sites are present on various proinflammatory genes (e.g. ICAM-1, VCAM-1, E-selectin) as well as on antiinflammatory/anti-oxidative genes (e.g. HO-1) 7 . Recently, it was found that heme further controls gene expression via the transcriptional repressor Bach1 44 .
Interestingly, heme increases the nuclear translocation of Nrf2, which has recently been implicated in wound healing processes 45 , via increased Nrf2 stabilization 46 .
Upon binding of intracellular heme, Bach1 detaches from the MARE sequences, which allows binding of Nrf2 and other small maf proteins, resulting in transcriptional activation of target genes, such as HO-1, thioredoxin and keratinocyte growth factor 44, 45, 47, 48 .
The importance of the heme-HO system in wound healing is underscored by the finding that HO-1 is associated with keratinocyte proliferation 49 and that HO-1 expression is highly elevated in infiltrated immune cells of psoriasis patients 49 , who suffer from hyperproliferation of keratinocytes.
Surprisingly, we found that both HO-1 and HO-2 were significantly expressed in normal mucosa and skin. HO-1 is mainly present near the basal membrane in proliferating keratinocytes 50 . HO-2, the HO isoform that is able to bind heme, may therefore function as a first scavenger against heme-induced insults, whereas HO-1, present in the first layers of the epidermis and in infiltrating leukocytes, degrades heme to generate its potent cytoprotective break-down products. Therefore, HO seems to form a general protective layer to withstand the continuous oxidative and mechanical insults of which the skin daily suffers. This hypothesis is supported by experiments of Tyrell and colleagues, who demonstrated that upon UV radiation HO-1 and therefore ferritin are highly up-regulated in fibroblasts and provides potent cytoprotection 51 . Interestingly, many reptiles and amphibians do accumulate large amounts of the green anti-oxidant biliverdin, a heme breakdown product, in their skin, which may function as a protective wall as well.
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The observed increased expression of HO-1 upon wounding in fibroblasts seems to be mainly mediated by an increased cell population of HO-1 positive fibroblasts, which probably represents newly recruited cells. The newly arrived fibroblasts and leukocytes in the wound area demonstrate clearly elevated HO-1 levels. Thus by infiltrating, these cells import the HO system into the wounded area, and cause protection via the immediate generation of the anti-inflammatory and antioxidative heme-metabolites biliverdin/bilirubin and CO, and the upregulation of ferritin 50 .
When HO activity is inhibited by pharmacological agents, such as SnMP, Polly Matzinger recently described a novel view on immune regulation, in which the immune system does not primarily discriminates between "self and nonself", but mainly acts upon "danger signals" 56 . The local release of heme and heme proteins may act as a "danger signal", similar to inflammatory bacterial endotoxins, and alert the immune system to initiate inflammatory processes, resulting in the recruitment of leukocytes.
Similarly, heme may act as an inducer of inflammatory processes, by cellular activation, the formation of ox-LDL, and the induction of adhesion molecules 7, 39 . This results in signals for recruitment of leukocytes, and for antigen processing by dendritic cells and macrophages 52, 57 . This may also explain the vivid response of the Thus, the heme-HO system seems tightly integrated in complex wound healing processes such as hemostasis and inflammation ( Figure 9 ). This novel view on wound healing processes may provide new tools for therapeutic strategies.
ACKNOWLEDGMENTS
The work from the authors' laboratories was supported in part by EC grant 
